& The canopy prevents the use of global positioning system based fertilizer applicators in oil palm plantations. Hence, a radio frequency identification triggered variable rate pneumatic fertilizer system was developed for this application. A real-time embedded system was used as the core controller, Lab-VIEW software was used to program and coordinate the operations of the embedded system and the host computer. A speed measuring unit was used to provide feedback to the system. A field test was conducted to examine the response time. The sensors were calibrated in the laboratory and the measurement linearity had regression coefficients close to 1. Two to three seconds were required for the device to respond to changes in application rate. It is expected that this approach will become an alternative in plantations where the canopy hinders proper application of global positioning systems.
INTRODUCTION
The most common method of fertilizer application in the oil palm plantation is manual. Only a few plantations use commercially available uniform rate applicators. Manual application is favored because mechanical applicators are believed to waste fertilizer because of the absence of a speed feedback mechanism to adjust the fertilizer application rate proportionately to the travel speed. Hence, fertilizer is wasted when traveling uphill and when turning. Moreover, the mechanical applicators do not place fertilizer on top of the stack of old oil palm fronds, leaving some fertilizer along the machine path which is easily washed away.
Recently, variable rate technology has developed to treat oil palm with actual fertilizer rates for site-specific needs. Grid or zone sampling is employed to determine the soil variability in the plantation and fertilizers are applied as needed. The cost of production is decreased while yield is increased, [2] [3] [4] and the approach is environmentally friendly and sustainable because less fertilizer is applied. [5] A variable rate applicator consist of a geographic information system-(GIS) based fertilizer prescription map, a global positioning system (GPS), a volume or mass flow sensor for the fertilizer rate controller, actuator valves, and a microcontrollers or an embedded computer program. Upon a user command, the microcontrollers or embedded computer program reads the GPS coordinates, calculates the correct application rate through a formula or algorithm with reference to the prescription map, and then translates the correct rate into actual fertilizer output through the actuators or valves. [6, 7] Spinner disc spreaders and pneumatic applicators are the two main technologies for granular fertilizer application. Previous studies have assessed the advantages of variable rate application over uniform rate application. Phosphorus fertilizer was applied to corn and soybean by uniform rate and variable rate fertilizer applicators. The variable rate application introduced 41% lesser phosphorus and the soil-test phosphorus variability was smaller compared to that of the uniform rate applicator. [8] In a separate study, variable phosphorus application was compared with the uniform application. The variable rate method resulted in a 27% reduction in the amount of fertilizer applied. [5] However, these variable rate systems are only suitable for broadcast fertilizer application where the discharging mechanism is well above the height of the crop. In order to use them for citrus fruit, these variable rate fertilizer spreaders were modified by placing baffle plates in front of the spinner disc to deflect the fertilizer under the tree in a banded pattern. [9] This approach is not appropriate for oil palm plantations because the target area of application is on the piles of oil palm fronds, within the 4-12 m width region on either side of the fertilizer path, and is not accessible with current discharging mechanisms. Therefore, a modified variable rate applicator would be appropriate for the oil palm plantation.
In order to address this need, an automated radio frequency identification-(RFID) based mapping system to manually harvested fruits was developed. Passive RFID tags were attached to each tree and their corresponding collection bin. Harvested fruit was placed in the bin and near the trunk of the tree. A tractor that carried an RFID reader and a laptop computer collected the bins. The information from the RFID reader was transmitted to a laptop computer via serial port communication and stored on the computer. The location of each tree and the yield were estimated, and the data were employed to develop a yield map [10] 370 T. A. Ishola et al.
In this article, a variable rate fertilizer applicator is presented for application in oil palm plantations. The fertilizer applicator was triggered by radio frequency identification (RFID) that was used for identification, data storage, and retrieval via radio waves. [11] Commonly used GPS based applicators are unsuitable for oil palm because the fronds block the GPS signals, and sensor based variable rate applicators are not yet available. Hence, this RFID device is the first to implement variable rate fertilizer application in oil palm plantations.
MATERIALS AND METHODS

Design
A design for the variable rate pneumatic fertilizer applicator was developed and a three-dimensional model was developed with Solid Works 2011 software. A drawing of the variable rate fertilizer applicator, designed for operation by one person, is shown in Figure 1 . The applicator consisted of a hopper, screw conveyor, a fertilizer distribution channel, two rotary valves, two centrifugal blowers, two discharge chutes, and a support frame. The screw conveyor conveyed the fertilizer into a distribution channel into two rotary valves. The rotary valves were metering devices used to measure the quantity of fertilizer. There were two centrifugal blowers whose outlet ducts were connected to the outlet ports of the rotary valves after which they were joined to the two discharge chutes of the variable rate applicator. The measured fertilizer entered the outlet duct of the centrifugal blower where it was discharged to the point of application. The screw conveyor 
Control System
The control system of the variable rate pneumatic fertilizer applicator ( Figure 2 ) consisted of a variable rate controller, computer box, computer accessories, RFID system, 2 kVA generator, power distribution box, and speed measuring unit. Detailed descriptions of the components are outlined in Table 1 . The variable rate controller was made up of the host PC (NI 3110) and CompactRIO (NI cRIO 9073). The C-series modules NI 9265, NI 9411, NI 9221 were connected and positioned inside the compactRIO. The host PC and the compactRIO were mounted inside the waterproof computer box that was fixed to the left side of the fertilizer hopper. The computer accessories included a mouse, keyboard, and monitor. The keyboard and mouse were placed on a platform below the steering wheel inside the operator's cabin while the display monitor was fixed to the wire mesh in front of the operator's cabin. The RFID system comprised of tags and the reader. The RFID tags were attached to the oil palm while the RFID reader was positioned beside the computer box on the left side of the fertilizer hopper of the applicator. The 2 kVA generator, which was the main source of electrical power supply, was positioned at the rear right side of the fertilizer hopper. The power distribution box contained power supply units for DC power outlet, AC power socket, and frequency inverters for controlling the speed of the rotary valves motors. The waterproof power distribution box was fixed beside the 2 kVA generator on the right side of the fertilizer hopper. The speed measuring unit was fixed on the left side rear tire of the prime mover. Detailed specifications of the components of the instrumentation and control system are described below.
Variable Rate Controller
The variable rate controller was composed of a host PC (NI 3110) and CompactRIO (NI cRIO 9073). The host PC was high performance, small, and fan-less designed for rugged industrial applications. The CompactRIO was a low-cost, high-performance system that functioned as a rugged industrial data acquisition and control hardware system. It was powered by reconfigurable field programmable gate array (FPGA) for ultra-high performance, and ran on National Instruments LabVIEW 2011 graphical programming software. It incorporated a real time processor, reconfigurable 
RFID Reader
An integrated long-range RFID reader-antenna (ECO -UHF RR102) was based on ultrahigh frequency (UHF) passive RFID, ISO 18000-6C standards. It supported both metal and label tags, and had a tag air interface of EPC Class 1 Generation 2. The frequency range was between 902 and 928 MHz, and the communication interface was RS232= RS485.
RFID Tag
The Confidex Ironside tag is a low cost Class 1 Generation 2 passive UHF RFID transponder. The air interface protocol was EPC Global Class 1 Gen2 ISO 18000-6C, with an operational frequency between 902 and 928 MHz. It had an EPC memory of 240 bit and an extended memory of 512 bits.
Power Distribution Box
The power distribution box was a waterproof box that contained the power distribution system to the electrical components of the system. The power was supplied by a 2 kVA generating set. The contents of the box included frequency inverters for the rotary valves motors, a power supply unit (PSU) for DC voltage, and 13 amp socket outlets for the monitor, RFID reader, and computer box.
Speed Measuring Unit
The speed measuring unit consisted of a small pneumatic wheel (fifth wheel) and an autonic differential quadrature rotary encoder. It was calibrated to give the travel speed of the applicator during operation. The output from this unit was used as feedback to the control program which adjusted the discharge rate commensurately to the actual travel speed of the fertilizer applicator.
Frequency Inverter to Controlling Motor Speed
The frequency inverter is an electronic motor drive unit for an AC motor that controls the speed by varying the frequency of the power sent to the motor by the use of an internal inverter. Inside the motor drive unit, the incoming AC power is converted to DC through a rectifier bridge to create an internal DC bus. The inverter circuit converted the DC back to AC for the motor. This special inverter was able to vary its output frequency and voltage according to the speed set by the user. This output frequency was controlled by sending an analog current output signal (4-20 mA) to the frequency inverter. During the calibration of the variable rate fertilizer applicator, the speed of the rotary valves electric motors were controlled by the analog current output signal from the compact RIO C-series modules. Each motor was coupled to a reduction gearbox with a ratio of 7.5:1 before connection to the rotary valves. Using the LabVIEW software, analog current output (4-20 mA) from the NI 9265 module was used to vary the speed of the electric motors via their respective frequency inverters. Figure 3 shows the analog current value needed to achieve various rotary valve speeds. It was observed that the frequency inverters required different analog current values to give same rotary valve speed. Hence, each set of frequency inverter, electric motor, gearbox, and rotary valve was neatly marked and not interchanged in order to achieve the desired speed control.
Sensor Calibration
All the sensors used on the applicator were properly calibrated prior to installation. Their names, position, and functions are highlighted in Table 2 . 
Quadrature Rotary Encoder
A quadrature rotary encoder (Figure 4) is an electromechanical device that is used to measure rotational motion of a shaft. It employs an optical sensor to provide electrical signals in the form of pulse train which may control motion, direction, or position. A quadrature encoder consists of a light emitting diode (LED), a disc, and a photodetector on the other side of the disc. Patterns of opaque and transparent sectors were coded into the disc that was connected to a rotary shaft. As the disc rotated, the opaque segment blocked the light and where the glass is clear, light was allowed to pass. This behavior generates square wave pulses that were translated into position or motion.
LabVIEW Program
LabVIEW is a graphical programming language that used for data acquisition and control using virtual instrument (VI) programs. [12] The host PC was as a target in the project along with the ''NI-cRIO 9XXX'' which represented the compactRIO. The host PC and the compactRIO were connected by ethernet cables and a common Internet Protocol (IP) address was established for both. Hence, they communicated over a standard connection. Network published variables were shared. The project, VRTAP.lvproj, was used to control of the variable rate fertilizer applicator. The compactRIO target was NI-cRIO 9073. All the C-series modules (NI 9411, NI 9221, and NI 9265) inside the compactRIO were itemized in the project window. The first virtual instrument (VI) under the NI-cRIO 9073 target was the ''Gnd-Blower Speed_RT.vi'' used to monitor the pre-set centrifugal blower speed and ground speed before the commencement of fertilizer application. The speeds were monitored through this VI. When the desired speed was attained, the lever was locked. The centrifugal blower speed and ground speed of the applicator were published as network variables between the compactRIO and the host PC. Hence, the network published ground speed of the variable rate fertilizer applicator could be used by any of the VIs inside the project folder.
The next virtual instrument under the NI-cRIO 9073 target was the ''VRTCTRL_RT.vi which operated in real time to acquire data from the sensors connected to the C-series modules and to send control signal to the frequency inverter via the C-series module NI 9265. The acquired data from the C-series module was published as a network variable between the compactRIO and the host PC.
The only VI under the ''My Computer'' target was ''VRTDATA_Host.vi'' that ran on the host computer. This VI was used to read the RFID code from the reader=tag. The read RFID code was compared with the database; where there was a match, the corresponding analog output value for controlling the rotary valve was retrieved. The ID of the RFID tag and the analog current output value were published as network variables. The VRTCTRL_RT.vi acquired the tag ID and analog current output value via the network and used it to trigger the correct fertilizer application rate.
In order to ensure that the proper amount of fertilizer was applied, the VRTCTRL_RT.vi used Equation (1) to adjust the analog output compared to the actual ground speed of the applicator. Equation (1) evaluates the analog output to the ratio between the expected ground speed and actual ground speed of the variable rate fertilizer applicator. If the two speeds are equal, the ratio is equal to one and the final value is the same as the initial value. However, if the speeds are not equal, the ratio was used to either reduce or increase the analog current output to control the rotary valves' speed:
where RV fctrl is final analog current output value, amp; EFS is the expected ground speed of the applicator, km=h; AFS is the actual ground speed of the applicator, km=h; and RV ictrl is the initial analog current output value, amp. The final analog current output value is the numerical value sent to the frequency inverter to adjust the rotary valve speed. The essence of the calculation was to reduce the final value and increase the amount of fertilizer applied when the actual ground speed exceeded the expected ground speed and vice versa. Hence, speed feedback was applied to avoid fertilizer waste. It was observed that the discharge rate from the rotary valve decreased with an increase in the speed of the rotary valves, because the faster the speed of the rotary valve, the less time to collect fertilizer for conveyance. This behavior was also observed in earlier studies. [13] [14] The effect was described as ''fullness effect.'' [13] Finally, the VRTDATA_Host.vi acquired the data published as network variables by VRTCTRL_RT.vi via the network. Calibration equations were applied to the variables inside the VRTDATA_Host.vi that were saved in the hard drive of the host computer. These values include the date and time, blower velocity, rotary valve speeds, fertilizer dosage, and ground speed.
Operation of the Variable Rate Pneumatic Fertilizer Applicator
Oil palms are usually planted with inter-row spacing of 7.27-8.04 m. The target area of fertilizer application was 4-12 m on both sides of the applicator path. The RFID reader was placed at the end of a 1 m long bracket attached to the side of the pneumatic fertilizer applicator. Hence, the distance between the RFID reader and tags on the trees was less than 3 m.
The variable rate pneumatic fertilizer applicator was operated by one person. Prior to application, a prescription table was prepared and the oil palms were marked according to the fertilizer dosage required for each zone. This prescription table contained the plane coordinates, the RFID tag ID values used to mark the trees, and the fertilizer dosage required for each zone on the plantation. The prescription table was stored in the hard disc memory of the NI 3110 embedded computer system (Host PC). A schematic of the flow of operation of the applicator is shown in Figure 5 .
The RFID tags were attached to the oil palms according to the prescription table for each zone. Only one RFID tag was required to trigger each application rate. The fertilizer hopper was filled, the valve of the hydraulic motor of the centrifugal blowers was actuated, and the valve of the hydraulic motor of the screw conveyor was activated when the applicator approached the first tree. After the 2 kVA generator and the RFID reader were powered, the control program was booted to ready the rotary valves. 
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The control program received the ID and compared it with the prescription table. When there was a match, a control signal (analog output) was sent to the rotary valve via the compactRIO and frequency inverter. The speed of the rotary valve was adjusted according to the required discharge rate and dosage for each zone on the oil palm plantation. However, if the tag ID received by the control program did not match the value in the program database, the rotary valve speed was not changed. Once the operator activated the run command on the control program, fertilizer application was performed solely by the system, allowing the operator to concentrate on driving the prime mover. As the fertilizer exited the rotary valve and entered the air duct of the centrifugal blower, it was discharged pneumatically to the desired position in the plantation.
The operator switched off the screw conveyor when the applicator passed the last oil palm in a row and switched it on again when approaching the first tree in the next row to minimize fertilizer waste. The operation continued until the fertilizer hopper was almost empty. Then, the operator switched off the blowers and the screw conveyor and paused the control program in order to refill the hopper. When the operator was ready to continue again, the blowers and the screw conveyor were switched on again, the control program was activated, and then the operation continued. In case there was a change in travel speed, speed feedback to the compactRIO changed the discharge rate to match the travel speed.
Response Time
An experiment was conducted in order to determine the time lag between the detection of an RFID tag ID and adjustment of the variable rate system to the new fertilizer application rate. The experiment was divided into three segments (ascending, descending, and random) and three replicates. One replicate from each segment was conducted on one day in order to ascertain the repeatability of the results. The rotary valves were equipped with rotary encoders in order to measure their respective speed during the operation. The signal output from these rotary encoders was read every second by the host PC via the compactRIO and saved by the control program. A row of oil palm in a plantation was selected for the experiment. RFID tags were attached to the trees. The arrangement of the RFID tags was such as to change the speed of the rotary valves in ascending order, descending order, and a random order. The fertilizer applicator was operated at 4.92 km=h. As the variable rate fertilizer applicator moved in the row of the oil palm trees, the RFID tag ID was detected, stored, and the speed of the rotary valve was continuously saved. Separate data files were used for each experiment. Each data file was examined to determine the time difference between the change in tag ID and stabilization of the rotary valve speed to the new speed setting. This value was used as the response time of the variable rate system.
RESULTS AND DISCUSSION
Sensor Calibration
The relationship between the data from the measuring sensors and values collected by using standard measuring equipment was determined by a static calibration technique. The relationship between the pulse signal from the quadrature encoder and the actual rotational speed was in the form
where Y was the actual rotational speed of the encoder, rpm; M was the slope of the regression equation; and X is the pulse signal from the encoder. The linear regression equations from the calibration are presented in Table 3 . All the sensors showed excellent linearity with regression coefficients (R 2 ) close to 1. The calibration data were used to obtain the actual readout for all the sensors.
Response Time to the RFID Triggered Application Rate
The RFID reader and tag were found to function well within a distance of 3 m. The average relative humidity at the time of the test was 92.7% and the average wind speed was 0.68 m=s. The results obtained from the investigation of the response of the variable rate system to changes in application rates are shown in Figures 6, 7 , and 8. The range of speeds of the rotary valves was between 60 rpm and 180 rpm. Figure 6 shows the changes in speed in ascending order. The speed was varied at intervals of 30 rpm. Two seconds were required to change speeds. Figure 7 shows the changes in speed of the rotary valve in descending order. The speed was varied at 30 rpm intervals and changed in 2 s. Figure 8 represents the changes in a random manner. When there was a difference of more than 30 rpm between one speed and the next, 3 s were required for the rotary valve to stabilize at the new speed. This range of the response time is similar to the ranges of 1.5-3.03 and 2-5 s obtained in previous studies.
[ [15] [16] [17] Comparison of RFID and a GPS Fertilizer Applicators
Variable rate fertilizer application was investigated on an oil palm plantation in Selangor, Malaysia. [17] A map-based system comprising of a GPS receiver, a twin disc Bogballe M1 variable rate spreader, and its calibrator were used. The Bogballe M1 spreader was attached to a 56 kW tractor. Unfortunately, the oil palm canopy caused signal losses and inaccuracy of as much as 9.08 m in the GPS receiver. [18] On the other hand, the average inaccuracy during a field test of the RFID based variable rate pneumatic applicator was 0.74 m. As such, the GPS-based variable rate spreader did not accurately apply fertilizer according to the application map.
CONCLUSIONS
An RFID-triggered variable rate pneumatic fertilizer applicator was developed for granular fertilizer in oil palm plantations. It differs from the conventional variable rate applicators because it does not depend on GPS signals that are unavailable under the oil palm canopy. The developed applicator was equipped with a speed feedback mechanism to minimize fertilizer waste. In line with standard practices, fertilizer was applied within the target area of 4-12 m on either side of the machine path. Two to three seconds were required to respond to changes in the application rate. This RFID-based variable rate fertilizer applicator is promising under the tree canopy where signal losses have prevented the use of GPS-based systems.
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